In this work, Eichhornia crassipes roots were used as a modifier for carbon paste electrode in a biosorption study of thallium (Tl + ) and cadmium (Cd 2+ ) ions. The ions were accumulated on modified electrode surfaces at open circuit potential and analyzed by square wave anodic stripping voltammetry. Before the biosorption study, the effect of ratio of biomass and binder in uptake metal was evaluated. The biosorption study shows that adsorption of ions was dependent on pH. The kinetic study showed that, for both ions, experimental data were well described by the pseudosecond order model (R 2 > 0.99) and the equilibrium was better described by the Langmuir model. The value of dimensionless equilibrium parameter (R L ) obtained in the equilibrium study showed that Eichhornia crassipes can be considered an effective biomaterial for Tl + and Cd 2+ removal from an aqueous solution. The thermodynamic parameters calculated, enthalpy (ΔH°), entropy (ΔS°) and Gibbs energy (ΔG°), indicated that the biosorption process was spontaneous and endothermic.
Introduction
Heavy metal pollution is one of the most serious environmental problems today. This is because the heavy metals are released into the environment by industries such as electroplating, mining, and metallurgy. Heavy metals also occur in the environment due to the use of rodenticides, insecticides, dyes, and the like. 1 Cadmium (Cd 2+ ) and thallium (Tl + ) are two heavy metals present in natural waters.
Cd 2+ is one of the most toxic heavy metals associated with considerable environmental and occupational concern because it combines with protein sulfhydryl groups and restrains the enzyme activity in human beings. Longterm exposure to Cd 2+ can cause anemia, hypertension, muscular cramping, osteoporosis, and renal damage. 2 On the other hand, thallium is present in the environment in low concentrations and in natural waters as Tl + . Because the solubility of thallium compounds is high, the Tl + is easily transported throughout aquatic systems and is more toxic than many other metal ions, such as Cd 2+ . Thallium ions can damage the heart, lungs, liver, and nervous system; therefore, removing thallium compounds from water and aqueous solutions, as well as controlling their impact on the environment, is very important. 3, 4 There are different methods to remove these heavy metals, [4] [5] [6] for example, the biosorption. This removal technology uses biological materials for binding and concentration of the pollutant from an aqueous solution. Biomass of non-living Eichhornia crassipes (water hyacinth) is a good option for biosorption. In fact, this free-floating aquatic plant features vegetative reproduction and a vigorous growth rate. A typical biomass from land plants is composed of 30-50% cellulose, 20-40% hemicellulose, and 15-30% lignin. 7 In addition, this plant has a high tolerance to pollution and is regarded as an economic adsorbent. 7 The biomass of Eichhornia crassipes has been used largely for removal of Cd 2+ , [8] [9] [10] [11] and other ions such as Pb 2+ , 12 Cu 2+ , 13 and Zn 2+ . 12 In contrast, the biosorption of Tl + by Eichhornia crassipes has not been studied previously. There are only some works that have studied the elimination of Tl + by biomass such as Ulmus carpinifolia, 14 modified sugar beet pulp, 15 Aspergillus niger, 16 and eucalyptus leaves. 17 Generally, kinetic, equilibrium and thermodynamic studies of biosorption have been performed by contacting the biomass with the ion solution (batch procedure) and periodically sampling them for later analysis. In earlier works, our work team has proposed the use of carbon paste electrodes modified with biomass. 18, 19 With this method the electrode modified with biomass is exposed to a solution containing the ion studied, and the ion fixed to the electrode through biomass is analyzed by electrochemical techniques. This methodology has the advantage of requiring a small quantity of biomass and reagents moreover the time used for experiments is considerably smaller than the batch studies. However, the uptake of ion for the biomass is carried out on a surface, and the charge or the current are used as a measure of uptake. As a consequence, the constant obtained from empirical models cannot be interpreted by habitual form.
Hence, this work proposed the use of modified carbon paste electrodes for studied the removal of Tl + by Eichhornia crassipes roots. In order to compare the uptake of a monovalent and divalent ion, a parallel study for Cd 2+ was realized under the same conditions.
Experimental

Reagents
All reagents were of analytical grade, and obtained from Sigma Aldrich (St. Louis, MO. USA). The graphite powder and mineral oil were purchased from Alfa Aesar (Haverhill, MA, USA). The solutions 0.01 mol L −1 of Tl 2 CO 3 and Cd(NO 3 ) 2 were prepared and used to perform dilutions for the purpose of obtaining the working solutions. The sodium perchlorate (NaClO 4 , 0.1 mol L −1 ) was used as a supporting electrolyte. All solutions were prepared with deionized water (18.6 MΩ cm).
Instruments
The voltammetric measurements were performed while employing the modified carbon paste electrode (MCPE) with Eichhornia crassipes roots as a working electrode having a surface area of 0.193 cm 2 , an Ag|AgCl|NaCl 3.0 mol L −1 and platinum wire were used as electrode reference and as counter electrode, respectively.
To perform the electrochemical studies, potentiostat/ galvanostat BASi EC epsilon was used and controlled by the BASi Epsilon-EC software version 1.31.65 NT (Bioanalytical Systems Inc., West Lafayette, IN, USA).
To control the temperature, a heating bath Lauda Eco Silver (Lauda-Brinkmann, LP, Delran, NJ, USA) was used. The MCPEs (modified carbon paste electrodes) were exposed to a cell that contained the working solutions.
Electrochemical impedance spectroscopy measurements were performed with a potentiostat/galvanostat Autolab PGSTAT302N (Metrohm Autolab BV, Utrecht, The Netherlands). Measures were performed using the same three electrode-cell setup described previously. Parameters of the electrical equivalent circuits were obtained via the Zview 2 program.
A Metrohm pHmeter (Metrohm Autolab BV, Utrecht, The Netherlands) was used to adjust the pH of the solutions.
Treatment of Eichhornia crassipes roots
Eichhornia crassipes plants, obtained from Dam San José in the municipality of San Luis Potosí (San Luis Potosí, Mexico) were transported to the greenhouse at the Faculty of Chemical Sciences of Universidad Autónoma de San Luis Potosí and grown there. The roots of the Eichhornia crassipes were first washed with running water, and then with deionized water. After, the roots were separated from the rest of the plant. These roots were frozen and subjected to a drying process in a freeze vacuum pump model 7522900 (Labconco, Kansas City, MO, USA) at −48 °C for 16 h. The roots were then pulverized in an analytical mill Cole-Parmer (London, UK) and stored in bottles at room temperature.
Determination of pH zpc
To determine the pH of zero point charge (pH zpc ), this study followed the methodology reported by Leyva et al., 20 for which 0.1 g of acidulated root in 20 mL of a solution of 0.01 mol L −1 KCl-0.004 mol L −1 KOH were added. The suspension was stirred for 48 h and, after that time, it was titrated with the addition of 0.1 mL of 0.1 mol L −1 HCl to register the pH of the solution after each addition. Also, the assessment of a solution of 0.01 mol L −1 KCl-0.004 mol L −1 KOH was performed under the same conditions but without the root. The point where the titration curves (with and without the root) intersect is the pH zpc because the pH of the solution with and without the root is the same, which means that the root has no charge; so that is the value of extrapolating the intersection of both lines is pH zpc .
Preparation of modified carbon paste electrodes
Three carbon paste electrodes were prepared by mixing 0.43 g of nujol, 0.50 g of graphite powder and 0.07 g of lyophilized Eichhornia crassipes root. The paste that formed was placed in an insulin syringe and contact was made through a copper wire. The electrode's surfaces were renewed after each experiment by removing a small amount of the paste and polishing the surfaces with sandpaper. A Vol. 27, No. 9, 2016 control electrode without the root was prepared by mixing 0.60 g of graphite powder and 0.40 g of nujol.
Characterization of MPECs by impedance
Impedance spectra were recorded with electrodes in a NaClO 4 solution for the purpose of characterizing the modified electrodes. The initial frequency used was 10 kHz, and the final frequency used was 10 mHz, with 10 points per decade. The alternating current amplitude was 10 mV under open circuit potential conditions.
Electrochemical experiments
To study the uptake of metal by electrochemistry, experiments were carried out in both controlled temperature and room temperature. MCPEs were submerged in ion solutions unstirred during a selected time at open circuit. After this, the electrode was rinsed with water and transferred to a solution containing only support electrolyte (NaClO 4 0.1 mol L −1 ). Square wave anodic stripping voltammetry (SWASV) experiments were carried out, and a deposition potential (E dep ) of −0.75 V was applied during 120 s for Cd 2+ , while for Tl + E dep was −0.8 V and was applied for 60 s. These conditions were obtained in earlier works for Cd 2+ , 19 and obtained experimentally for Tl + . For both ions, a square wave with a frequency of 10 Hz, amplitude of 0.02 V, and potential step size of 0.004 V was applied at a range of −1.2 to 0.2 V. All experiments were performed in triplicate, and the standard deviation was calculated.
To study the effects of pH, MCPEs were exposed to a single metal ion solution concentration of 1.0 mmol L . After exposure, the MCPEs were rinsed and transferred to the working cell that contained only the supporting electrolyte.
To perform the kinetic and equilibrium study, in the preconcentration step, the MCPEs were exposed to ion solutions of different concentrations (0.1 to 6.0 mmol L −1 ) for different times (1, 2, 3, 4, 5, 7, 10, 15, 20 and 30 min) while maintaining the temperature constant. After exposure, the MCPEs were transferred to the working cell, and the response was obtained via SWASV, as mentioned previously.
Data treatment
In this work, the metal adsorption was correlated to current (I) measured in an electrochemical experiment. The surface under the current-potential (time) curve represents the electroactive coverage Γ (mol cm −2 ), and the amount of heavy metal immobilized in the surface electrode is given by equation 1:
where Q is the charge, A is the surface of the electrode, n is the number of electrons transferred, and F the Faraday constant. Note that if the number of moles is Q/nF and Q = It, then electroactive coverage (equation 1) can be expressed by (equation 2): (2) In this expression, the current and the electroactive coverage are proportional. The electrochemical response was obtained via the technique of SWASV. This technique has two stages. In the first, the ion accumulated in the surface of the electrode is reduced by application of a potential during a certain time. In the second, the metal formed is stripping. The reactions carried out during this stage are:
In consequence, n is one and two for Tl + and Cd 2+ , respectively. To compare adsorption of both ions, it was considered that the surface of the electrode and the scan rate (time) of equation 2 are the same for both ions, but n is different. As a consequence, the current measured was divided between n. The value of the current used and reported in voltammograms was corrected by subtraction of the capacitive current of the current measured. The value of the current used in the graphs was the average of three measures.
Results and Discussion
Selection of composition of MCPEs for adsorption studies
In the first part of the study, we determined the optimal proportions for preparing the carbon paste modified with the root. First, the effect of the proportion of the root was analyzed. For this, MCPEs were prepared with different percentages of root (1, 3, 5, 7 and 10%), while the proportion of nujol was maintained at a constant of 43% and the percentage of graphite was adjusted to reach the necessary 100%. The MCPEs were exposed to a single metal ion solution of Tl + and then were transferred to the working cell, and the voltammetric response was obtained. Figure 1 shows the response of Tl + , and a peak can be observed in the center at −0.79 V, which is characteristic of this metal. The I, which is proportional to uptake metal, increased when the amount of root in the electrode increased. This shows that when there are more root, there are a large number of sites for metal uptake and a higher adsorption.
However, the amount of metal that accumulated in the 10% modified electrode was very similar to that in the 7% modified electrode with Eichhornia crassipes roots ( Figure 1 ). In this proportion, the electrode surface probably is fully covered by the roots. Based on these results, we chose to modify the electrode with a ratio of 7% roots, since a lesser amount of biomass is required to modify the electrode.
The accumulation of ion in an unmodified electrode (CPE) also was studied. The same procedure was repeated, and the curve obtained did not present response of Tl + ( Figure 1 ). This showed that the ions are not immobilized in the carbon paste, and are accumulated only on the roots.
Selection of the amount and type of binder for preparing MCPEs
After determining that the optimal amount of root to modify the electrode was 7%, we proceeded to test the effect of the amount and nature of the binder. Tests were conducted with varied proportions of nujol in the MCPEs between 40 and 52%, while maintaining the ratio of the root at 7% and proportions of graphite necessary to reach 100%. MCPEs cannot be elaborated with proportions of nujol lower than 40% because the paste acquires a very stiff consistency and cannot be manipulated. The MCPEs were exposed to the Tl + solution, and the metal uptake was then analyzed by SWASV (Figure 2a ). The maximum current, or the maximum accumulation of heavy metal, was obtained at ratios of 40 and 43% of nujol. However, the consistency of the paste electrode prepared at 40% nujol was very stiff, and this texture made the experiments difficult because the electrode is pulverized easily. The current decreased considerably when the nujol ratio was 50%, and no voltammetric response was obtained by modifying the MCPE with 52% of nujol (inset Figure 2a) .
Diminution of adsorption with an increase of nujol can be due to the nujol has increased electrical and diffusional resistance of the electrode. 21 On the other hand, the number of ions accumulated also can be diminished because the nujol is hydrophobic, therefore increasing the hydrophobicity of the electrode surface.
In order to determine how the conductivity of MCPEs changes with the binder, electrochemical impedance tests were carried out. The Nyquist diagram in Figure 2b shows that the experimental data form a semicircle and the diameter of the circle changes with the proportion of nujol. In fact, as the paste contains a lower proportion of nujol, the diameter of the semicircle related to the electrochemical process decreases, suggesting that as the amount of nujol decreases, the charge transfer resistance (R ct ) is minor (inset Figure 2b) . These results are congruent with the results obtained by SWASV for the study of accumulation of Tl + in which the response of accumulated metal in the MCPEs decreased with the amount of nujol.
Finally, to determine the effect of hydrophobicity, MCPE was prepared using the ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluorophosphate (BMI•PF 6 ) as a binder (MCPE IL). This binder was chosen because it is highly hydrophobic but is a good ionic conductor. Figure 3 shows the voltammetric response of MCPE IL after exposure to a solution of Tl + . It was observed that the response featured much noise and a capacitive current; therefore, the peak was less defined than that obtained with the MCPE prepared with nujol ( Figure 3 Once the preparation of MCPEs was optimized, the study of bioaccumulation was carried out. First, the effect of pH was analyzed because it is one of the most important factors influencing the efficiency of the adsorption of metal ions in biomass; pH is able to change the surface properties of the biosorbent and the form which the metal ions can exist in the solution. The electrodes were exposed to the solutions with different pH values, and then their response was obtained in NaClO 4 . The results of accumulation are illustrated in Figure 4 .
It can be observed that the peaks are localized at ca. −0.8 V for Tl + and −0.6 V for Cd
2+
. The ion adsorption, or the current, is dependent on pH in the range studied (between 2 and 8). The amount of adsorbed ions increases . Insets correspond to the curve of peak current (I) evolution vs. pH.
A 1672 with increasing pH, between 2 and 6, in contrast with pH higher than 8, for which the adsorption diminishes. This behavior can be explained for the composition of Eichhornia crassipes roots. Recent work has determined through infrared spectroscopy and potentiometric titration that the groups present in the roots of Eichhornia crassipes are alcohols, carboxylic acids, amines, sulfonates and esters. 18 This means that the root has acid sites where the metallic ions can be adsorbed, and that the accumulation of ions in the roots is dependent on pH. It can be observed that the adsorption is significant after pH = 2; this can be related with the pH zpc . pH zpc calculated for Eichhornia crassipes root was 2.3; then for a high pH zpc , the acid groups present in the root are primarily in dissociated form. As a consequence, the acid groups present a negative charge, which is adequate for the accumulation of ions. When pH increases, the dissociated groups increase and the adsorption increase. However, when the pH is higher than 8, the adsorption diminishes, which may be due to an excess of OH − interacting with the ions in the bulk solution. On the other hand, wastewater normally contains a certain amount of electrolytes with a variety of ionic species. The presence of salt or co-ions in the solution can affect the adsorption of metal ions. 22 To determine the effect of ionic strength on the accumulation of Tl , respectively. These results indicate that the amount of Tl + accumulated decreases with the ionic strength, possibly because the Na + ions compete with Tl + for the active sites of the root, so that the more concentrated the electrolyte, the lower its adsorption. The same trend was observed in the case of Cd 2+ .
Kinetic study
The amount of ion accumulated was studied as a function of time, and the curves obtained are shown in Figure 5 . As the exposure time increases, the peaks broaden and the current increases, indicating that the amount of accumulated metal increases; the increment is more evident in the first minutes. For both ions, after 10 min, the I remains virtually constant, which indicates that, although the electrode is exposed for longer durations, the number of ions that accumulate are practically the same. This also indicates that equilibrium is attained, and the time necessary to reach equilibrium is the same for both ions. I is greater for Tl + than Cd
2+
, which means that Tl + adsorption is higher than Cd 2+ . The evolution of ion accumulation over time can be due to the fact that the root surface of Eichhornia crassipes initially has more unoccupied active sites, offering easy interaction; therefore, in the first min, the concentration gradient of the ions between the solid-liquid interface . Insets correspond to the curve of peak current (I) evolution vs. time. Vol. 27, No. 9, 2016 is large enough to allow the ion to exceed the resistance between liquid and solid phases, during which, in the first 10 min, adsorption is rapid. As time passes, the active sites are occupied until saturate, and the concentration gradient of the ions between the solid-liquid interfaces decreases so that the equilibrium is reached, 23 as observed for 10 min in the inset of Figure 5 , which shows the current for each exposure times.
These experimental results were fitted to the pseudosecond order model, which linearized equation is as follows (equation 5): (5) where t is the exposure time (min), and q e (mg g ) are the amounts of solute adsorbed at equilibrium and at time t, respectively. From the slope and intercept of the graph t/q t vs. t were obtained q e and k 2 , respectively. 24 Equation 5 can be written in terms of the current since the experimental data are obtained in terms of I, which is proportional to q (equation 6): (6) where I e (µA) and I t (µA) are the equilibrium current and at time t, respectively. Figure 6 illustrates the graph of t/I t vs. t for a concentration of 2.0 mmol L −1 . It can be observed that experimental data of Tl + and Cd 2+ present a good linear fit; this observation is confirmed by the correlation coefficient being higher than 0.99, which indicates a good fit for this model and then the adsorption kinetics is of pseudo-second order. This result coincides with the studies in batch processes, which determined that the kinetic of adsorption of Cd 2+ on Eichhornia crassipes follows the pseudo-second order model. [8] [9] [10] [11] As this kinetic model assumes that the chemisorption is the limiting step in the adsorption process, the limiting step in this case is probably the interaction between Tl + and Cd 2+ ions and the functional groups of the root.
From the slope and the intercept of graphs in Figure 6 , I e and k 2 were obtained and the initial velocity (h) was obtained from h = k 2 q e 2 . Values are presented in Table 1 and I e , calculated from equation 6, is similar to the experimental value (I e(exp) ); this indicates a good fit for the pseudo-second order model.
It can be observed that h is higher for Tl + ; therefore the monovalent ion interacts more quickly with the functional groups of the cell wall. The fact that the kinetic constants are higher for Tl + than Cd 2+ may occur because the radius . Once the kinetic behavior to a fix temperature was defined, an analysis was carried out for different temperatures. As can be seen in Figure 6 and Table 1 , the data agreed well with the pseudo-second order model for all temperatures. For all temperatures studied, the adsorption was faster for Tl + than Cd
, and the root accumulated more Tl + than Cd 2+ . In relation to the evolution of adsorption kinetics and temperature, values of Table 1 show that the initial velocity constant, h, increases as the temperature increases. The increment in the initial rate is due to the following factors. First, there is an increase in the ions kinetic energy because there is an increase in the mobility of the ions, which interact quickly with the functional groups of the root. Second, as the temperature increases, the viscosity of the ion solution decreases, which facilitates the movement of ions. 25 Finally, another factor may be that increasing temperature can cause swelling within the internal structure of the root, allowing the ions to penetrate more easily, as Ho et al. 26 pointed out in the case of the adsorption of heavy metals in ferns.
From the kinetic constant of Table 1 , the approaching equilibrium factor (R w ) was calculated for all studied temperatures. R w indicates whether equilibrium is reached; when R w = 1, the equilibrium is not approaching. The characteristic adsorption curve is called approaching equilibrium, in the range 1 > R w > 0.1; well approaching pseudo equilibrium in the range 0.1 > R w > 0.01; and drastically approaching equilibrium when R w < 0.01. The value is obtained using the following equation:
It is written in current terms as: (8) where t ref is the longest operation time used in kinetic experiments, I e is the equilibrium current and k 2 is the pseudo-second order constant, both calculating from equation 6. R w values obtained for Tl + varied from 0.053 to 0.050, while for Cd 2+ , adsorption fluctuated between 0.041 and 0.025. These results establish that the equilibrium for adsorption of both ions is well approaching in all temperatures. On the other hand, R w decreases with increasing temperature. This behavior indicates that the increase in temperature facilitates equilibrium.
It is important to note that the results obtained in this part of the work for Cd 2+ adsorption coincides with the studies in batch processes, which determined that the kinetic of adsorption of Cd 2+ on the whole plant of Eichhornia crassipes [9] [10] [11] and on the roots 8 follow the pseudo-second order model. In addition, R w values are similar to those calculated from data of earlier works for adsorption of Cd 2+ in Eichhornia crassipes by batch procedure. 28 
Equilibrium study
The analysis of the experimental data by adjusting the pseudo-adsorption isotherms is important in determining the model that describes the adsorption step. The Freundlich and Langmuir models were applied to the data (I e used was obtained in kinetic experiments using equation 6 for each concentration) obtained at three temperatures studied.
The Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number of uniform adsorption sites without the migration of adsorbed molecules on the surface; through this model, we obtain the Langmuir constant (k L ), which shows the affinity of the biomass by the metal ion and q max represents the maximum amount of metal that can accumulate in the biosorbent. 29 The equation of this model in its linearized form is as follows: (9) where q e is the amount of metal adsorbed at equilibrium (mg g ]. This equation can be written in terms of the current, as follows: (10) Vol. 27, No. 9, 2016 where I e is the equilibrium current for each concentration and it was obtained from equation 6 and I max is the maximum current measured due to the ions adsorbed.
The Freundlich model relates the concentration of the adsorbed metal on the surface of a biosorbent with the metal concentration in the solution that is in contact. It is based on the surface of the biosorbent as heterogeneous, such that the active sites have affinities or different energies; this means that sites with higher affinity or energy are filled first with a more powerful bond than the sites with lower levels of energy. 29 Its equation, in linearized form, can be written as follows: (11) where q e is the amount of adsorbed metal at equilibrium (mg g (12) The data were adjusted to the Langmuir and Freundlich models, and we can observe that these are better adjusted to the Langmuir model (Figures 7a and 8) . The values of Langmuir and Freundlich constants were calculated, and the results, presented in Table 2 , illustrate that the data are better adjusted to the Langmuir model, according to the correlation coefficients for different temperatures. This indicates that probably the adsorption is carried out by forming a monolayer of metal. It is noted that k L increases with increases in temperature. These values obtained with MCPE are the same order as those reported in the literature for accumulation of Cd 2+ in Eichhornia crassipes, which were obtained from batch processes. 8 The essential characteristics of the Langmuir isotherm parameters can be used to predict the affinity between the sorbate and sorbent using the separation factor or dimensionless equilibrium parameter, R L , expressed as in the following equation: Figure 7b shows the values of R L for Tl + and Cd 2+ at different concentrations. The values of the dimensionless parameter R L calculated for studied ions are between 0 and 1, which indicates that the adsorption of Tl + and Cd 2+ in the roots of Eichhornia crassipes is favorable at all concentrations studied.
On the other hand, n calculated per Freundlich model increases from 2.67 to 3.98 for Tl + and from 2.38 to 6.05 for Cd 2+ in the range of temperatures studied, where n indicates the intensity of the adsorption. If the value of n is less than 1, it is considered poor adsorption; if the value found is between 1 and 2, the adsorption is moderately difficult; and if it is between 2 and 10, adsorption is considered good. Based on our results, therefore, the adsorption of both ions is considered good at the three temperatures studied, which coincides with the results obtained with R L parameter; in addition, according to the n values, increase in temperature increases the adsorption intensity.
As shown in Table 2 , the association constants, k L , and n values calculated are greater for Cd 2+ than for Tl + at each of the studied temperatures, indicating that the interactions between the divalent ion and the functional groups root are more intense compared to those of the monovalent ion. The probable cause for this is that Cd 2+ has a greater electronegativity value (1.7) than Tl + (1.62). Although Cd 2+ interacts more strongly with the active sites of the root, I max is greater for Tl + ; for example, at 308 K, I max is 295.83 µA, while for Cd 2+ , it is 133.24 µA (Figure 7a ). This result may be due to the hydrated ion radius, as mentioned earlier: the radius of Cd 2+ is 5 Å, and the radius of the Tl + is 3.3 Å, that is why Tl + has easier access to the active sites of the roots and interacts with them in greater quantities.
It has been reported that for the adsorption of Ag + and Cd 2+ in various biomaterials, such as Chlorella vulgaris, Scenedesmus quadricauda, 32 Aspergillus niger, Mucor rouxii, 33 and Sphaerotilus natans, 34 the monovalent ion is adsorbed in greater quantities compared to the divalent ion, which coincides with the results obtained in this study while using modified electrodes. According to the results obtained in this work, Tl + is adsorbed in greater amounts than Cd 2+ ; therefore, Eichhornia crassipes can be considered an effective adsorbent for removal of Tl + ions from aqueous solutions.
Thermodynamic study
The thermodynamic study provides information on the nature of the adsorption process. The parameters to determine are the changes in the Gibbs energy (ΔG°), in enthalpy (ΔH°), and in entropy (ΔS°). The change in ΔG° indicates the spontaneity of a chemical reaction. Reactions occur spontaneously if ΔG° at a given temperature is negative. The change in Gibbs free energy is given by equation 14: ∆H° and ∆S° can be determined from the slope and intercept of the graph of lnk L vs. 1/T (Figure 9 ). The thermodynamic parameters obtained are shown in , respectively. The positive values indicate that the process is endothermic; so the adsorption is improved with increasing temperature.
Additionally, the magnitude of ΔH° gives information on the type of biosorption, which can be physical or chemical. ΔH° ranging from 2.1-20.9 kJ mol −1 corresponds to physisorption, and ranges from 20.9 to 418.4 kJ mol −1 , a chemisorption. 36 In our study, calculated ΔH° value of Tl + and Cd 2+ ions fell into the range of chemisorption, although for Tl + at 303 and 308 K, the value is close to the physisorption. Based on this result, the biosorption processes of Tl + and Cd 2+ ions onto Eichhornia crassipes roots probably occurred via chemisorption.
By the intercept of the graph of Figure 9 , the ΔS° was obtained with a value of 361.28 and 283.49 J mol −1 K −1 for Tl + and Cd
2+
, respectively. The positive ΔS° values suggest an increased randomness in the solution-solid interface during the adsorption process. This occurs as a result of redistribution of energy among the metal ions and the biomass. Before the adsorption, metal ions that are found near the surface of the adsorbent are more ordered than when the ions have been adsorbed. When ions are adsorbed, water molecules that were previously bound to the metal ions are released and dispersed in the solution, increasing the disorder of the system; this is the result of the increase in the entropy change. 35 
Conclusions
The results showed the following differences between the adsorption processes of monovalent and divalent ions in Eichhornia crassipes roots: first, the kinetic constants showed that Tl + adsorbs faster than Cd 2+ , both following a pseudo-second order kinetics; second, biosorption equilibrium data were better described by the Langmuir model and showed that the monovalent ion was adsorbed in greater amounts on the Eichhornia crassipes roots at all temperatures used during the study; and third, the thermodynamic parameters indicate that, according to the negative ΔG° values and the positive ΔH° values, the biosorption process of Tl + and Cd 2+ was spontaneous and endothermic. Additionally, the results showed that the adsorption is dependent on pH, indicating that the ions probably are accumulated in acid sites. Kinetic, equilibrium, and thermodynamic study indicated that both monovalent and divalent ions are accumulated in biomass by a similar mechanism and in the same acid sites. However, stoichiometric reaction is different for monovalent (1:2) and divalent (1:1); as a consequence, a major quantity of monovalent ion can be accumulated in biomass.
Based on the results of the present work, Eichhornia crassipes is an effective alternative for the removal of Tl + ions from an aqueous medium. According to literature, the trend in the kinetic and equilibrium adsorption of Cd 2+ ions obtained from batch processes 
